Objectives: The 2015 Workshop of the Society for Hematopathology/European Association for Haematopathology aimed to review primary immunodeficiency and related lymphoproliferations.
Results: Autoimmune lymphoproliferative syndrome (ALPS) is a prototypical immune dysregulation-type immunodeficiency, with defects in T-cell signaling or apoptosis, expansion of T-cell subsets, and predisposition to hemophagocytic lymphohistiocytosis. DNA repair defects directly predispose to malignancy. Low immunoglobulin immunodeficiencies such as common variable immunodeficiency (CVID) have underlying T-cell repertoire abnormalities predisposing to autoimmunity and B-cell lymphoproliferations. The full spectrum of B-cell lymphoproliferative disorders occurs in primary immunodeficiency.
Conclusions: Lymphoproliferations in primary immunodeficiency mirror those in other immunodeficiency settings, with monomorphic B-and sometimes T lymphoproliferative disorders enriched in DNA repair defects. Distinctive T-cell subset expansions in ALPS, CVID, and related entities can mimic lymphoma, and recognition of double-negative T-cell or cytotoxic T-cell expansions is key to avoid overdiagnosis.
Drs Dita Gratzinger and Elaine Jaffe chaired Session 5 of the workshop on primary/congenital immunodeficiency and functioned as the co-lead authors of this article. We received 49 cases of primary immunodeficiency disorders, most with associated lymphoproliferations. The primary immunodeficiencies and how they predispose to lymphoproliferative disorders are discussed in the first section; specific examples of primary immunodeficiency-related lymphoproliferative disorders reviewed at the workshop are discussed in the second section.
Types of Primary Immunodeficiency
We broadly classified the primary immunodeficiencies by clinicopathologic phenotype 1 as follows: immune dysregulation, characterized by lymphoproliferation and dysfunctional immune phenomena such as autoimmunity and hemophagocytic lymphohistiocytosis; DNA repair defects, which are often syndromic and carry a risk of nonhematologic malignancy; low immunoglobulins, which typically present with repeated bacterial infections; and combined immunodeficiencies, with defects of both cellular and humoral immunodeficiency Table 1 .
Immune Dysregulation
Immune dysregulation-associated primary immunodeficiencies are dominated by defects in T-cell and/or natural killer (NK)-cell signaling or apoptosis. These, in turn, lead to expansion of dysfunctional T-cell subsets and/or virally transformed B cells that are immune to cytotoxic killing by the dysfunctional T and/or NK cells. Impaired cytotoxicity predisposes to hemophagocytic lymphohistiocytosis, a massive expansion and activation of ineffectual cytotoxic T cells that in turn trigger massive release of proinflammatory cytokines and macrophage activation. 2 Autoimmune phenomena represent failure of clearance of autoreactive cells, whether due to an intrinsic failure in apoptosis or due to failure of central or peripheral tolerance mechanisms. Many have dysgammaglobulinemias, likely due to defective T-cell help in shaping the antigen-specific immunoglobulin response. Predisposition to non-Hodgkin lymphoma, especially Epstein-Barr virus-positive (EBVþ) B-cell non-Hodgkin lymphoma, is associated with impaired monitoring and killing of transformed B cells. Importantly, there is wide phenotypic variation within molecularly defined syndromes, likely due to a combination of the specific type of mutation present, the genetic background of the effected individual, and environmental exposures. Autoimmune lymphoproliferative syndrome (ALPS) is caused by a failure of lymphocyte apoptosis, 3 which leads to aberrant accumulation of T lymphocytes, including a characteristic but not entirely specific 4 accumulation of CD4/CD8 doublenegative T-cell receptor a/b-positive T cells (DNTs). Common manifestations include lymphadenopathy, splenomegaly, and predisposition to B-cell lymphoproliferative disorders and autoimmunity. Splenic sequestration and autoimmunity can cause chronic multilineage cytopenias; however, splenectomy should be avoided as it predisposes to life-threatening sepsis in these patients.
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Revised diagnostic criteria for ALPS developed at a National Institutes of Health workshop in 2009 6 require the following characteristics for a definitive diagnosis: a combination of unexplained chronic lymphadenopathy/splenomegaly, elevated DNTs, and either proof of defective lymphocyte apoptosis or a pathogenic mutation in FAS (a tumor necrosis factor receptor family member), FASLG (FAS ligand), or CASP10 (caspase 10, which transmits proapoptotic signals) for definitive diagnosis. While most patients with an initial diagnosis of ALPS are children, the diagnosis should also be considered in adult patients. 7 Lymph nodes from patients with ALPS show paracortical hyperplasia with increased DNTs that are CD45RAþ, CD45RO-and frequently positive for cytotoxic markers perforin, T-cell restricted intracellular antigen-1 (TIA-1), and CD57. 8 These features could potentially cause confusion with mature T-cell lymphoma, particularly in adult patients. A quarter of cases of ALPS have been reported to show concurrent features of sinus histiocytosis with massive lymphadenopathy 9 (also known as Rosai-Dorfman disease
[RDD]), which may be a clue to the underlying diagnosis. Lymph nodes are enlarged and contain abundant histiocytes with characteristic nuclear features of RDD; these are characteristically S100þ and contain intact lymphocytes and plasma cells (emperipolesis). A single case of malignant progression to histiocytic sarcoma has been reported. 10 Ras-related leukoproliferative disorder (RALD) is a rare and complex disorder caused by an activating somatic or germline Neuroblastoma RAS viral oncogene homolog (NRAS) or Kirsten rat sarcoma viral oncogene homolog (KRAS) mutation. RALD brings together a predisposition to ALPS-like autoimmunity with or without double-negative T-cell lymphoproliferations and a predisposition to develop myeloid malignancy, particularly juvenile myelomonocytic ALPS, autoimmune lymphoproliferative syndrome; AT, ataxia telangiectasia; CHARGE, coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary anomalies, and ear malformations; CMRD, congenital mismatch repair deficiency; CVID, common variable immunodeficiency; D22q11.2, chromosome 22q11.2 deletion syndrome, formerly known as DiGeorge or velocardiofacial syndrome; DOCK8, dedicator of cytokinesis 8 deficiency; PIK3CD, phosphatidylinositol 3-kinase C d activating kinase mutation; RAG1, recombination-activating gene 1; RALD, RAS-associated leukoproliferative disorder; SCID, severe combined immunodeficiency; XLA, X-linked agammaglobulinemia; XLP, X-linked lymphoproliferative disorder.
leukemia (JMML). [11] [12] [13] Despite identical activating retrovirus associated sequence (RAS) mutations to those seen in JMML, monocytosis, and splenomegaly, patients with RALD pursue a much more indolent clinical course than that seen in JMML.
14 Chédiak-Higashi syndrome is one of a group of immunodeficiency disorders that are associated with partial oculocutaneous albinism as a result of organelle trafficking dysfunction, 15 including Griscelli syndrome, Hermansky-Pudlak syndrome, and deficiency of a mitogen-activated protein kinase pathway protein involved in late endosomal-lysosomal binding, mitogen-activated protein-binding protein-interacting protein. 16 The organellar trafficking dysfunction leads to dysfunctional secretion of cytotoxic granules by cytotoxic T cells and NK cells, as well as platelet dysfunction, abnormal delivery of melanosomes, and neutrophil granule abnormalities. These functional deficits explain the variable combinations of immune deficiencies, predisposition to hemophagocytic lymphohistiocytosis, albinism, and bleeding diathesis usually presenting in early childhood; neurologic dysfunction develops later in the disease course. Chédiak-Higashi syndrome in particular is due to loss of function of the lysosomal trafficking regulator lysosomal trafficking regulator (LYST) and manifests with partial albinism, severe pyogenic infections, a mild bleeding diathesis, and neurologic dysfunction. Infection-related mortality is high; those who survive are at high risk for hemophagocytic lymphohistiocytosis (so-called accelerated phase).
Perforin is crucial for NK-cell and cytotoxic T-cell-mediated cell lysis; it forms the pore through which granzyme proteases are injected into the target cell. 17 Complete perforin deficiency as a result of biallelic loss-of-function mutations results in a severe familial hemophagocytic lymphohistiocytosis (HLH) phenotype with development of HLH in infancy. 18 Patients with missense mutations may instead present with relatively late-onset HLH, autoimmune symptoms, and/or lymphoma. 19 Heterozygous missense perforin (PRF) mutations have also been reported to be associated with pediatric anaplastic lymphoma receptor tyrosine kinase+ (ALKþ) anaplastic large cell lymphoma.
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X-linked lymphoproliferative disorder (XLP) is caused by defects in Src homology-2 domain protein 1A, which interferes with signaling downstream of a subset of surface receptors in NK and T cells, particularly an inability to kill EBV-transformed B cells. 21 This in turn predisposes to fulminant infectious mononucleosis, a massive lymphoproliferative reaction to primary EBV infection often associated with hemophagocytosis, progressive dysgammaglobulinemia, and lymphoproliferative disorders.
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DNA Repair Defects
Disorders of DNA repair have pleiotropic effects on development and directly predispose to various forms of malignancy, including hematolymphoid malignancy due to accumulation of DNA damage. B-cell and T-cell antigen receptors must undergo controlled recombination, rearrangement, somatic mutation, and proliferation to produce the various and tailored components of the specific immune response. Inability to repair accompanying DNA damage leads to decreased and limited antigen-specific repertoires. Ataxia telangiectasia, Nijmegen breakage syndrome, and Bloom syndrome are wellknown syndromes associated with DNA repair defects; less well understood is constitutional mismatch repair deficiency, which is caused by biallelic germline mutations of mismatch repair genes. These patients have a predisposition to childhood cancers, including non-Hodgkin lymphoma. 23 
Low Immunoglobulins
Primary immunodeficiencies dominated by immunoglobulin deficiency, and therefore infectious manifestations are nevertheless commonly associated with autoimmune or inflammatory manifestations, which are likely due to an associated T-cell repertoire abnormality that fails to repress or deplete self-reactive immune populations. The concomitant predisposition to predominantly B-cell-derived lymphoid hyperplasias and lymphomas may be partially due to inability to suppress EBV-transformed or other abnormal clonal B-cell populations.
Combined variable immunodeficiency (CVID) is characterized by antibody underproduction, leading to low serum levels of immunoglobulin G, immunoglobulin A, and/or immunoglobulin M and a heterogeneous clinical phenotype spanning infection, autoimmunity, lung and gastrointestinal disease, and propensity to lymphadenopathy and splenomegaly, granulomatous disease, and lymphoma. 24 The definition is a functional one, and patients may be diagnosed in childhood or adulthood. In most cases, the underlying molecular etiology is as yet unclear, but patients have been found to have decreased diversity of the naive B-cell pool, decreased somatic hypermutation in memory repertoires, and abnormal clonal expansion of unmutated B cells likely contributing to autoimmune phenomena. 25 Patients also have a T-cell defect, manifesting as a clonal and restricted T-cell repertoire. 26 Immunoglobulin subclass deficiency by contrast is primarily associated with a susceptibility to infection. 27 Patients with an activating mutation of the phosphatidylinositol 3-kinase C d subunit (PIK3CD) have clinical phenotypes that overlap with those of CVID, including recurrent sinopulmonary infections, lymphoid hyperplasia, and cytomegalovirus (CMV) or EBV viremia. 28 Patients have an underlying T-cell defect manifesting as a deficiency of naïve T cells and an excess of senescent effector T cells. A subset of patients has elevated immunoglobulin M and develop lymphoproliferative disorders. 29 Patients with X-linked agammaglobulinemia have Bruton's tyrosine kinase mutations, resulting in B-cell maturation arrest and marked paucity of immunoglobulins; consequently, clinical presentations are dominated by onset of infection susceptibility as protection from maternally derived immunoglobulins wanes. 30 There is concomitant contraction and skewing of the T-cell repertoire 31 and an underrecognized but high incidence of autoimmune/inflammatory symptoms. 32 Complete loss of function recombination-activating gene 1/2 (RAG1/2) mutations results in a severe combined immunodeficiency (SCID), discussed below. A subset of patients with hypomorphic RAG1/2 mutations manifests the socalled c-d variant of SCID, which is dominated clinically by autoimmunity and severe CMV infection. 33 These patients maintain production of specific antibodies and have a marked deficiency of a-b but not c-d T cells, which undergo a CMVdriven expansion. 34 In mouse models, c-d T cells promote expansion of marginal zone B cells and thus contribute to the size of the mature, antibody-producing B-cell pool. 35 Other patients with hypomorphic RAG1/2 mutations present with granulomatous disease with variable immunodeficiency.
36,37
The granulomatous and autoimmune manifestations are associated with broad-spectrum antibodies, which are thought to be a feature of immune dysregulation, which is then amplified by responses to recurrent and chronic viral infections. 38 
Combined Immunodeficiencies
While many primary immunodeficiencies dominated by immunoglobulin deficiency have been found to have a concomitant abnormal and constricted T-cell repertoire, combined immunodeficiencies have overt T-and B-cell immunodeficiencies. In some cases, autoimmune manifestations dominate the clinical picture.
Wiskott-Aldrich syndrome is an X-linked combined immunodeficiency characterized by atopic dermatitis and increased susceptibility to infections; the underlying defect is deficiency of Wiskott-Aldrich syndrome protein, 39 a protein involved in cytoskeletal-based stabilization of lipid rafts. Autoimmune manifestations of Wiskott-Aldrich syndrome appear to be due to resulting changes in the strength of B-cell receptor and Toll-like receptor signaling, which in turn promote enrichment of self-reactive transitional and naive B cells. 40, 41 Dedicator of cytokinesis 8 deficiency, the loss of a guanine nucleotide exchange factor likely involved in cytoskeletal dynamics, manifests as an autosomal recessive hyper-immunoglobulin E syndrome associated with eosinophilia, severe atopic dermatitis, and human papillomavirus and staphylococcal infections. 42 Similar to Wiskott-Aldrich syndrome, the humoral component of the immunodeficiency is thought to result from disruption of the B-cell immunologic synapse 43 ; T cells are also affected, with decreased long-term survival of CD8þ memory T cells presumably further contributing to a deficiency of long-term cellular memory. 44 SCID, Omenn syndrome (combined immunodeficiency with eosinophilia, erythroderma, and lymphadenopathy), and a range of milder primary immunodeficiencies are caused by loss-of-function RAG1/2 mutations, leading to defects in productive T-cell receptor and B-cell receptor gene rearrangements ranging from complete to partial deficiency. 45 Rarer defects in other components of the recombination machinery such as DCLRE1C (DNA cross-link repair 1C, which encodes the homologous end-joining protein ARTEMIS) lead to a similar spectrum of phenotypes.
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RAG1/2 mutations cause variable defects in recombinase activity, which likely combine with modifying genetic and environmental factors to produce the spectrum of phenotypes, from the complete absence of B and T cells in RAG1/2 null SCID, to so-called leaky SCID with some T and/or B cells, to Omenn syndrome, to sometimes later onset presentations dominated by variable immunodeficiency, granulomatous disease, and/or autoimmunity. 45, 47 Some even present in adult life with a CVID-like presentation with suppurative infections, few CD4þ T cells, and defective immunoglobulin production against bacterial polysaccharide antigens. 48 Chromosome 22q11.2 deletion syndrome, formerly known as DiGeorge or velocardiofacial syndrome, includes conotruncal cardiac anomalies, hypoplastic thymus, and hypoparathyroidism; variable immunodeficiency is seen according to the degree of thymic hypoplasia. 49 As more patients grow into adulthood, a progressive decrease in class-switched memory B cells has also been documented, likely due to ineffective T-cell help. 50 Patients with CHARGE association (coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary anomalies, and ear malformations) due to CHD7 mutations or deletions 51 have significant phenotypic overlap with chromosome 22q11.2 deletion syndrome, but the combined immunodeficiency in at least some patients with CHARGE is just beginning to be recognized. A subset of patients with CHARGE has low thymic output with decreased T cells and insufficient antibody response to childhood vaccines. 52 Down syndrome is associated with developmental abnormalities as well as increased leukemia risk. Less well known is the associated thymic hypofunction with reduced central tolerance, possibly due to thymic stromal defects, 53 which in turn is thought to lead to increased propensity to autoimmune disorders. 54 B-cell numbers are decreased overall in children with Down syndrome, with dysfunctional B-cell maturation 55 and a marked deficiency in switched memory B cells. Together, these immunologic abnormalities result in a polygenic mild primary combined immunodeficiency with a propensity to autoimmunity and increased risk of infection.
Primary Immunodeficiency-Related Lymphoproliferations
The World Health Organization (WHO) 2008 describes lymphoproliferative disorders associated with specific primary immunodeficiencies. 56 Cases received for the workshop beautifully illustrate these associations, with the addition of more recently described entities such as mucocutaneous ulcer 57 and unusual B-cell maturation in the newly described entity of activating PIK3CD mutation-related immunodeficiency. 28 We also describe a range of T-cell proliferations in primary immunodeficiency that inhabit a gray zone between reactive proliferations and neoplasia and that pose a danger of overdiagnosis of T-cell malignancy. We also describe highly characteristic lymphoproliferations associated with specific immunodeficiency states; knowledge of these can prevent overdiagnosis of lymphoma and allow for recognition of clinically important primary immunodeficiency states. Finally, we discuss the relationship of primary immunodeficiency-related lymphoproliferations with those described in secondary immunodeficiency settings, for which the prototype is posttransplant lymphoproliferative disorder (PTLD). 58 
Range of EBV1 and EBV-B-Cell Proliferations in Primary Immunodeficiency
The whole spectrum of EBVþ and EBV-B-cell lymphoproliferations described in secondary immunodeficiency settings, ranging from hyperplasias to polymorphic and monomorphic PTLD, is also seen in primary immunodeficiency. Cases received for the 2015 workshop Table 2 encompassed the whole spectrum of B-cell lymphoproliferations described in the WHO 2008 chapter on posttransplant lymphoproliferative disorders, 58 as well as the more recently described EBVþ mucocutaneous ulcer (MCU). 57 Notable examples of hyperplasias in the setting of primary immunodeficiency include plasmacytic hyperplasia involving the brain in a patient with CVID (case SH2015-467; Image 1A ). EBVþ MCU is recognized in settings of advanced age or iatrogenic immunosuppression 59 ; we received a typical case in a patient with CHARGE syndrome (case SH2015-178; Image 1B ). Low-grade lymphomas were infrequent among submissions and included extranodal marginal zone lymphomas as well as a case of MYD88-mutated lymphoplasmacytic lymphoma involving the bone marrow of a patient with CVID (case SH2015-223; Image 1C ); this patient later progressed to diffuse large B-cell lymphoma involving the spleen. Polymorphic B-cell lymphoproliferative disorders resembling those described in the posttransplant setting were particularly frequently represented among submitted cases, and most were EBVþ; case SH2015-82 Image 1D is an excellent illustrative example. The most frequent monomorphic B lymphoproliferative disorders received were diffuse large B-cell lymphomas, over half of them EBVþ; classical Hodgkin lymphoma, Burkitt lymphoma, and plasmablastic lymphoma were also represented.
CVID was highly represented among submitted cases, and the entire spectrum of B-cell lymphoproliferative disorders was manifest. In contrast, DNA repair defect-associated lymphoproliferations tended to be frank lymphomas.
Several patients had more than one lymphoproliferation; these are summarized in Table 3 . There was no sequential pattern in terms of EBV reactivity (ie, an EBVþ lymphoproliferation could be followed by an EBVlymphoproliferation or vice versa). There was also no specific sequential pattern in the occurrence of hyperplasias, polymorphic lymphoproliferative disorders (LPDs), and primary immunodeficiency-related lymphomas; none of the patients with multiple diagnoses had antecedent hyperplasias, and polymorphic B-cell LPDs were diagnosed either before or after a diagnosis of lymphoma.
T-Cell and Histiocytic Proliferations and Borderlines With Malignancy
Unlike the B lymphoproliferative disorders, primary immunodeficiency-related T lymphoproliferative disorders differ from those seen in acquired immunodeficiency settings Table 4 . Mature T-cell lymphomas are outnumbered by
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Image 1 The full range of immunodeficiency-related B-cell lymphoproliferations described in the posttransplant setting are also seen in the setting of primary immunodeficiency. A, Plasmacytic hyperplasia involving the brain in a patient with common variable immunodeficiency (CVID; case SH2015-467) (H&E, x20). B, Epstein-Barr virus-positive mucocutaneous ulcer in a patient with CHARGE (coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary anomalies, and ear malformations) syndrome (case SH2015-178); note the sheets of atypical cells surrounding areas of necrosis (inset, including forms with Hodgkin-like morphology; x20); the cuff of small mature lymphocytes is visible at right (H&E, x4). C, Lymphoplasmacytic lymphoma involving the bone marrow of a patient with CVID (SH2015-223) resembles that seen in nonimmunodeficiency settings; here the lymphoplasmacytic infiltrate is visualized in a bone marrow aspirate smear (Giemsa, x40). D, Polymorphic B lymphoproliferative disorder in a patient with CVID (SH2015-82); shows scattered large atypical cells in a background of small lymphocytes and plasma cells (H&E, x20).
T-cell hyperplasias and atypical lymphoproliferations, particularly double-negative T-cell proliferations, cytotoxic T-cell infiltrates, and mixed T-cell-histiocytic infiltrates, including cutaneous granulomatous infiltrates, EBV-related hemophagocytic lymphohistiocytosis, and RDD. DNT proliferations were, as expected, a prominent feature of ALPS; submitted cases illustrate the extent and variability of such ALPS-related lymphoproliferations. In addition to lack of CD4, CD8, and CD45RO, ALPS-related T-cell proliferations are generally positive for cytotoxic markers such as perforin, TIA-1, and CD57. 8 Their mitotic activity (and Ki-67 proliferative index) is high, likely due to tonic Akt/mTOR pathway activation. 60 Classic ALPS-related lymphadenopathy is a paracortical lymphoid hyperplasia composed of small CD45RO-lymphocytes (case SH2015-33; Image 2A and Image 2B ). ALPS-related DNT proliferations may form masses and involve extranodal sites. Case SH2015-140 illustrates the complicated clinical course of a patient with ALPS and extensive DNT proliferations. An initial lymph node biopsy specimen shows a classic paracortical DNT proliferation; subsequent biopsy specimens show nodal lymphoid effacement, followed by bone marrow, thymic, and renal involvement (case SH2015-140; Image 2C ). Despite the extranodal involvement, partial tissue effacement, and intermediate cell size with high Ki-67, the lesions were not clonal by T-cell gene rearrangement analysis. While the predominant T-cell expansion in ALPS is that of a-b T cells, c-d DNT proliferation has also been described in this setting. 61 We received one such case (case SH2015-415) in an infant with lymphadenopathy and hepatosplenomegaly whose lymph node biopsy specimen showed a highly proliferative c-d DNT infiltrate. ALPS-related proliferations have several features that may suggest malignancy, including partial tissue effacement, high proliferative index, and an unusual immunophenotype (DNT, CD45-negative, cytotoxic, sometimes c-d T-cell receptor positive). Features that should favor benign lymphoproliferation include the clinical setting (a young or pediatric patient with chronic lymphadenopathy and features of immunodeficiency), an unusual immunophenotype that is nevertheless typical of a particular expanded T-cell subset, and failure to demonstrate clonality by gene rearrangement studies. Of these, knowledge of, or suspicion for, an underlying primary immunodeficiency is arguably the A second cluster of T-cell hyperplasias was in patients with CVID and cytotoxic T-cell proliferations. Subsets of patients with CVID have increased circulating cytotoxic CD8þ T cells; this phenotype is associated with low-memory B cells, autoimmunity, and splenomegaly. 62 Caution is therefore required to diagnose T-cell large granular lymphocyte leukemia in the setting of CVID. Patients with CVID who undergo liver biopsy often have findings of nodular regenerative hyperplasia with sinusoidal cytotoxic T-cell infiltrates, 63, 64 as illustrated by case SH2015-185.
We received two cases of granulomatous CD8þ cytotoxic T-cell-rich cutaneous infiltrates of uncertain malignant potential; there is overlap among these cases A B
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Image 2 Benign or indeterminate T-cell lymphoproliferations in the setting of primary immunodeficiency. A, B, Classic autoimmune lymphoproliferative syndrome (ALPS)-related paracortical hyperplasia (SH2015-33) composed of small-to medium-sized round lymphocytes, which form pale-staining expansile paracortical collections at low power and have small visible nucleoli and slight nuclear irregularity at high power (A, H&E, x4; B, H&E, x20). C, More extensive, mass-forming oligoclonal double-negative T-cell proliferation in the setting of ALPS (SH2015-140); in addition to paracortical expansion, there is a sheet-like process obliterating underlying lymph node architecture (H&E, x4). Inset: small-to medium-sized lymphocytes have visible nucleoli and moderate nuclear membrane irregularity (H&E, x20). D, Cutaneous dermal lymphohistiocytic lesion with a clonal cytotoxic T-cell infiltrate in a patient with immunoglobulin G4 subset deficiency and CD4 T-cell lymphopenia (SH2015-410). Small mature lymphocytes with slightly irregular nuclear contour are embedded in a granulomatous infiltrate with scattered eosinophils (H&E, x20).
and the proposed entity of CD8þ granulomatous cutaneous T-cell lymphoma, which has been described in a small case series including two of four patients with primary immunodeficiency. 65 These include a patient with chromosome 22q11.2 deletion (DiGeorge) syndrome and a maculopapular lymphohistiocytic rash involving the extremities, showing a cytotoxic T-cell immunophenotype and a clonal T-cell receptor gene rearrangement (SH2015-148, submitted by Dr. Morlote). A second case (SH2015-410), submitted by Drs Siddiqi and Fitzgibbons, occurred in a patient with immunoglobulin G4 subset deficiency and CD4 lymphopenia; a 15-cm indurated thigh lesion was biopsied and showed a lymphohistiocytic infiltrate with, again, a cytotoxic T-cell immunophenotype and a clonal T-cell receptor gene rearrangement Image 2D . The size of the lesion and clonality might favor the proposed diagnosis of cutaneous lymphoma; however, given the paucity of described cases, the known propensity for benign mixed T-cell/histiocytic infiltrates in the setting of immunodeficiency, and the lack of specificity of T-cell gene rearrangements in this setting, we recommend a cautious approach to diagnosis and active conversation with treating physicians to avoid potential overtreatment. This histologic picture of a cytotoxic T-cell infiltrate and a granulomatous background raises a broad differential of reactive, neoplastic, and infectious processes, including immunodeficiency. The few overt T-cell lymphomas received were restricted to DNA repair defect-associated primary immunodeficiencies, again raising the question of whether there is a true predisposition to T-cell lymphoma in immunodeficiency outside of some specific contexts. A rather unusual case was that of T lymphoblastic lymphoma in the setting of congenital mismatch repair deficiency; the child had a germline biallelic deletion of post meiotic segregation increased 2 (PMS2) and also developed diffuse large B-cell lymphoma at a young age (case SH2015-177, submitted by Dr Van Krieken). In case reports of congenital mismatchrepair deficiency-related hematologic malignancies, T lymphoblastic lymphoma and Burkitt lymphoma are most frequently reported. 66 We also received a case of ataxia telangiectasia-related prodromal T-cell prolymphocytic leukemia (SH2015-48, submitted by Drs Tan and Chisholm), reflecting a known association of these two rare entities. 67 Outside of the context of ataxia telangiectasia, a subset of patients with T-cell prolymphocytic leukemia has been shown to have an indolent prodrome of months to years. 68 It is unclear whether this indolent prodrome can be prospectively distinguished from aggressive disease and whether a relatively stable asymptomatic clonal lymphoproliferation with a T-cell prolymphocytic leukemia immunophenotype in a patient with ataxia telangiectasia belongs to this indolent category.
The diagnosis of T-cell lymphoma in the primary immunodeficiency setting is confounded by frequent nonmalignant expansions of minor T-cell subsets and should be rendered using strict criteria and with full knowledge of the clinical setting, particularly in non-DNA repair defect-associated primary immunodeficiencies. Architectural effacement, T-cell gene rearrangement, and cytogenetic abnormalities, as well as to a lesser extent immunophenotypic aberrancies and cytologic atypia, may be helpful but should be used cautiously and in combination with awareness of known associations such as both a-b and c-d T-cell proliferations in ALPS, cytotoxic T-cell infiltrates in CVID, and clonal cutaneous lymphohistiocytic infiltrates in multiple primary immunodeficiency settings.
Associations Among Specific Immunodeficiency States and Specific Proliferations/Lymphoma
We have discussed above the known association of ataxia telangiectasia and T-cell prolymphocytic leukemia or its prodrome, as well as ALPS and double-negative a-b and c-d T-cell proliferations. The association of ALPS with RDD is also well documented, and indeed we received an illustrative case of a 6-year-old boy with ALPS and both a paracortical DNT expansion and characteristic sinusoidal S100þ histiocytes with emperipolesis (SH2015-49, submitted by Dr Krishnan). RAS-associated leukoproliferative disorder, or RALD, has features of both ALPS-like doublenegative T-cell lymphoproliferations and autoimmunity as well as predisposition to juvenile myelomonocytic leukemia-like monocytic proliferation. Interestingly, we received a well-documented case of RDD disease in a patient with RALD (SH2015-342, submitted by Dr. Brousse), an association not yet reported in the literature.
CVID (and X-linked agammaglobulinemia) has been previously reported to be associated with intestinal nodular hyperplasia with giardiasis 69 ; we received an illustrative case (SH2015-229, submitted by Drs Oh and Park) that also had a paucity of plasma cells in the lamina propria, a further clue to the diagnosis. 70 Two cases of Burkitt lymphoma were submitted to the workshop, both in the setting of XLP disorder. Both were EBV-, and in both cases, apparent recurrence of Burkitt lymphoma was clonally distinct (cases SH2015-65, submitted by Drs Shafernak, Leuer, and Jennings, and SH2015-285, submitted by Dr Zhou and colleagues). Burkitt lymphoma in a young boy, and particularly Burkitt lymphoma with a clonally distinct recurrence, should trigger XLP testing. A final unusual case was received from a patient with germline PIK3CD mutation who was found to have hematogone hyperplasia with a partial B-cell maturation arrest (case SH2015-431, submitted by Dr Dulau-Florea and colleagues). An abnormal hematogone maturation pattern in a patient with decreased mature B cells could be a clue to an underlying primary immunodeficiency or bone marrow failure disorder with a B-cell component. 71 
Parallels and Differences Among Primary and Other Immunodeficiency Settings
As in acquired immunodeficiency settings, the entire spectrum of hyperplasia, polymorphous LPDs, and B-cell lymphomas is seen in the setting of primary immunodeficiency, with a mix of EBVþ and EBV-lymphomas noted. EBVlymphoid hyperplasias were more commonly submitted in the setting of primary immunodeficiency, but this may be an ascertainment bias of this workshop since otherwise unexplained EBV-lymphoid hyperplasias are not a defined entity in the acquired immunodeficiency setting. The greatest difference among primary and acquired immunodeficiency settings was in the spectrum of T lymphoproliferative disorders. Few overt T-cell lymphomas were received in the category of primary immunodeficiency, and these were restricted to DNA repair defect-associated primary immunodeficiencies, again raising the question of whether there is a true predisposition to T-cell lymphoma in immunodeficiency outside of some specific contexts such as thiopurine-related hepatosplenic T-cell lymphoma. By contrast, the primary immunodeficiency-related Tcell lymphoproliferative category was dominated by expansions of particular T-cell subsets, such as a-b and c-d T-cell proliferations in ALPS and extranodal cytotoxic T-cell infiltrates in CVID. These may simply represent very specific epiphenomena of particular underlying molecular mechanisms in a subset of primary immunodeficiencies; however, it is also possible that such benign T-cell proliferations are underrecognized at this time in other immunodeficiency settings. As iatrogenic immunosuppression begins to target highly specific pathways through small-molecule or biologic-based inhibition, we may anticipate that such proliferations will become evident outside of the primary immunodeficiency setting.
Conclusions
The number of distinct primary immunodeficiencies is large and increasing in the era of cost-efficient molecular discovery; fortunately, these can be usefully subdivided into broadly clinical and pathophysiologic groups. The range of lymphoproliferations seen in primary immunodeficiency mirrors those seen in the posttransplant and other immunodeficiency settings, with monomorphic B and sometimes T lymphoproliferative disorders enriched in those primary immunodeficiencies associated with DNA repair defects. Distinctive T-cell subset expansions seen in ALPS, CVID, and related entities can mimic lymphoma, and recognition of characteristic double-negative T-cell or cytotoxic T-cell expansions Examples of DNA repair defect-driven primary immunodeficiencies include ataxia telangiectasia, Nijmegen breakage syndrome, and congenital mismatch repair deficiency. Low immunoglobulin-type primary immunodeficiencies are associated with a T-cell repertoire abnormality; failure to repress self-reactive clones may lead to autoimmunity, and failure to inhibit clonal outgrowth may predispose to Epstein-Barr virus-transformed or other B-cell lymphoproliferations.
Examples of low immunoglobulin-type primary immunodeficiencies include common variable immunodeficiency and immunoglobulin subset deficiency. Combined immunodeficiencies manifest symptoms of both B-and T-cell deficiencies, with a combination of infectious and autoimmune complications and predisposition to lymphoproliferative disorders. Examples of combined-type primary immunodeficiencies include severe combined immunodeficiency and Down syndrome, which is associated with a mild polygenic combined immunodeficiency. Expansions of T-cell subsets in the primary immunodeficiency setting can mimic lymphoma.
Double-negative T-cell expansions in autoimmune lymphoproliferative syndrome have a high proliferative index, monomorphic appearance, and CD4/CD8 double-negative, cytotoxic T-cell immunophenotype; both a-b or less commonly c-d T-cell expansions can occur. Cytotoxic T-cell expansions occur in common variable immunodeficiency and manifest as intrasinusoidal lymphocytosis in the liver and marrow and as large granular lymphocytosis in the peripheral blood; clonal T-cell gene rearrangements may be present. The full spectrum of immunodeficiency-related B-cell lymphoproliferative disorders seen in other immunodeficiency settings also occurs in primary immunodeficiency, ranging from hyperplasias to mucocutaneous ulcer to polymorphic B-cell lymphoproliferative disorders and Hodgkin and non-Hodgkin lymphomas.
is key to avoid overdiagnosis. Themes and specific associations useful to the practicing diagnostic hematopathologist are summarized in Table 5 .
